ABSTRACT: Clarke (1987; Mar Ecol Prog Ser 38:89-99) analysed the effects of variation in maintenance metabolic costs with temperature on reproductive metabolism in poikilotherrnic animals. Based on model calculations, he concluded that annual mass-speclfic gonad production (GP) and the share of assimilated energy used for reproductive purposes (RE) are affected in opposite ways by temperature.
INTRODUCTION
Temperature affects metabolism in poikilotherms, and many empirical investigations comparing species from different regions show basic metabolic rates to be positively related to ambient temperature (Musayeva & Shushinka 1978 , Ivleva 1980 , Robinson et al. 1983 . Empirical investigations dealing with the effects of this relationship on animal productivity have focused almost exclusively on somatic production (Banse & Mosher 1980, Plante & Downing 1989, Morin & Bourassa 1992 and others), largely ignoring that fraction of incoming energy used for reproductive purposes. Clarke (1987) was the first to explore how the relation between temperature and basic metabolism may affect reproduction. He analysed 2 measures of reproductive metabolism: gonad productivity (GP), i.e. annual mass-specific gonad production, and reproductive effort (RE), i.e. the share of assimilated energy used for reproductive purposes. From model computations based on a few published individual energy budgets, Clarke (1987) concluded that GP and RE are 'Alfred Wegener Institute Publication No. 803 "E-mail: tbrey@awi-bremerhaven.de affected in different ways by temperature. In animals of similar size and ecology either GP will decrease with decreasing temperature if RE remains constant, or RE will increase with decreasing temperature if GP remains constant.
In this study I analysed the available data on population dynamics of marine benthic invertebrate populations to establish whether or not there are general trends in GP and RE related to temperature. The results are discussed in light of possible evolutionary strategies of adaptation to different temperature environments.
The model Clarke (1987) established the following model to describe the partitioning of assimilated energy into various sinks in a mature female animal:
where A is assimilation, P, and Pg somatic and gonad production, R, and R, respiratory costs of somatic and gonad production, R,., and Rd.g respiratory costs of behavioural activity associated with somatic production and reproduction, and R,, is basic maintenance metabolism. He defined 2 measures of reproductive metabolism: (1) GP (called reproductive output, RO, by Clarke),
(where M is mean body mass durlng the period of observation), i.e. GP is the mass-specific gonad production, and (2) annual reproductive effort RE,
i.e. the proportion of assimilated energy used for reproductive purposes. Clarke (1987) concluded from his model calculations that, under certain assumptions, the differences in Rb for any 2 temperatures T, < T2 within the physiological range will result in either
Alternative B: GP, < GP2 if RE, = RE2.
Empirical relations
Clarke (1987) confined his model calculations to the annual energy budget of a single sexually mature female. This model can be applied to populations, provided there are no intrinsic differences in the physiology of cold and warm water populations, such as an elevated basic metabolism at low temperatures (see Clarke 1991). Brey & Clarke (1993) and Arntz et al. (1994) gave evidence that differences in growth and productivity of benthic populations from different regions are mainly related to temperature and food availability, hence I assume the above model to b e valid at the population level, too.
METHODS
Only a very few publications on population dynamics of benthic invertebrates cover all parts of the energy budget. Respiration has been measured very infrequently, and no data including all components of total respiration could be found. Therefore only half of Clarke's (1987) evolutionary couplet, i.e. the relation between GP and temperature, can be analysed. On the population level, Clarke's measure of reproductive output, GP = Pg/B (B is population biomass) is a measure equivalent to the P,IB ratio generally used to describe somatic productivity in benthic invertebrate populations. The hypotheses to be tested are:
there is no positive relation between GP (= Pg/B) and temperature; and HA. there is a positive relation between GP and temperature.
Confirmation of H, would indicate that 'Alternative B' is to be rejected, whereas confirmation of HA would point towards rejection of 'Alternative A'. GP was computed from published data on 88 marine benthic invertebrate populations inhabiting subtropical, boreal and polar environments (Table 1 ). All mass data were converted to kJ where necessary.
Temperature, mean individual body mass and main taxa (Mollusca, Crustacea, Echinodermata) were checked for significant effects on GP by analysis of covariance (ANCOVA). Subsequently, the relation between GP and temperature was analysed by Spearman rank correlation. Table 2 shows the results of the ANCOVA analysing the effects of T, log(M) and taxon (Mollusca, Crustacea, Echinodermata) on log(GP). There is no significant relation between M and GP nor any interaction between M and taxon (Table 2A) . GP is significantly affected by temperature and the temperature effect differs significantly among taxa (Table 2B ). Spearman rank correlations indicate a significant positive relation between temperature and GP for all data (p = 0.435, p < 0.001) as well as in Mollusca (p = 0.388, p = 0.005) and Crustacea (p = 0.595, p = 0.032) separately (Fig. 1 ) . There is no significant correlation in Echinodermata (p = 0.332, p = 0.148); however, if the 2 data points referring to Sterechinus neumayen are excluded, the correlation becomes highly significant (p = 0.638, p = 0.009). These results indicate HA. that there is a positive relation between GP and temperature, has to be generally accepted.
RESULTS

DISCUSSION
Many empirical investigations have demonstrated a strong negative relationship between individual body mass and mass-specific basic metabolic rates (see Ivleva 1980 , Robinson et al. 1983 , Calder 1985 , and others) as we11 as derived parameters such as population P,/B ratio (Banse & Mosher 1980 , Schwinghamer et al. 1986 , Plante & Downing 1989 , Brey 1991 , Morin & Bourassa 1992 . Surprisingly there is no such relation between body mass and GP (= Pg/B ratio) detectable in the present data (Table 2) . Thus, GP in benthic invertebrates seems to be independent of body mass, whereas annual gonad production is positively related to body mass, indicating that a n increase in gonad output may be one of the evolutionary advantages of larger body size. Kemp et al. (1985) Rhepoxynius abronius Crustacea 0.0062 283.5 0.361 Luxmoore (1981 Luxmoore ( , 1982 Luxmoore ( . 1985 As indicated by Fig. 1 , the relation between T and It remains unclear why this species shows a distinctly GP is scattered, but nevertheless significantly positive higher gonad productivity than other echinoderms livin Mollusca, Crustacea and the pooled data of all 3 ing under similar temperature conditions. Altogether taxa. Within the Echinodermata, the significance level there is substantial evidence for a positive correlation of the correlation depends on whether the 2 data of GP with T in macrobenthic populatlons of the 3 points of Sterechinus neumayen are included or not, taxa (Fig. 1) . Consequently, within Clarke's model, true RE is likely to be independent of temperature. Hence, there seems to be a tendency toward Clarke's 'Alternative B', GP, < GP2 and RE, =. RE2 for Tl < T2 in benthic invertebrate population~. The 2 parameters GP and RE may be interpreted as measures of alternative strategies in the evolutionary adaptation of reproductive metabolism to different conditions. If we compare 2 environments with different temperature, then the first strategy would result in more or less constant reproductive output, but at the cost of having less energy available for other metabolic demands at lower temperature. The second strategy would result in a more or less con- stant share of gonad metabolism in total metabolism, accepting a lower gonad productivity at lower temperature. The present results are evidence that the former strategy is not common among benthic invertebrate populations. They tend to maintain the proportion of energy invested in reproduction, irrespective of temperature while gonad productivity is reduced. This is of particular interest for the understanding of evolutionary adaptations of reproductive strategies to low temperature environments. The widely accepted opinion is that cold water species in general are characterized by features summarized under 'Thorson's rule', such as low fecundity, large eggs, non-pelagic development and brooding, although many exceptions are known (see e.g. White 1984 , Pearse & McClintock 1991 , Arntz et al. 1994 . However, my analysis indicates that the evolution of these cold water reproductive strategies does not affect the relative energy investment in reproduction. Evolution seems to affect mainly the mode of reproduction, rather than the basic energetics.
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